We investigated f ield screening mechanisms in large-aperture GaAs photoconductors, using an ultrafast pump -probe terahertz technique. After photoexcitation the bias f ield decreases to an intensity-dependent value as a result of near-field screening of the bias f ield. For longer delays the f ield exhibits an intensitydependent decrease that results from a space-charge f ield caused by transport-induced charge separation. These measurements support recent theoretical results that the dominant saturation mechanism that limits terahertz output from large-aperture photoconductors is near-field screening of the bias f ield because the spacecharge f ield develops on a much longer time scale than that of the terahertz pulse.
The efficient generation of high-power terahertz (THz) radiation by use of large-aperture biased photoconductors is of interest for a variety of applications. The design of optimum emitters requires an understanding of how the terahertz output scales with both bias field and optical excitation f luence. Saturation of the radiated THz output from a largeaperture, biased photoconductor at high optical f luence has been observed experimentally 1 -3 and effectively limits the THz output from such a device. Saturation of the radiated THz output with increasing optical f luence can result from two mechanisms: transport-induced charge-carrier separation, which produces a space-charge field that partially screens the bias field, and near-f ield screening of the bias field. Recent results of a model of the saturation process in biased photoconductors that included both of the saturation mechanisms described above revealed that, although space-charge screening yields bipolar THz waveforms at suff iciently high optical excitation f luences, the dominant saturation mechanism that limits the THz output is near-f ield screening. 4 Near-field screening of the bias field occurs on the time scale of the excitation pulse (100 fs), whereas the time scale for space-charge screening to become important is limited by the retardation time across the emitter. For large emitters (.5-mm gap) the spacecharge field develops on a time scale much longer than the duration of the THz pulse (.10 ps) owing to such retardation effects and hence does not affect the THz saturation process, whereas for small dipole emitters (,50-mm gap) the space-charge field develops on a time scale (,300 fs) comparable with that of the THz pulse and should affect the THz output.
Although several groups of researchers have studied the saturation behavior of large-aperture photoconductors by single-pulse techniques, experimental discrimination between the two saturation mechanisms is diff icult. Pedersen et al. 5 used a novel pump -probe THz technique to study the ultrafast local field dynamics in photoconductive dipole antennas and observed that, at suff icient photoinjected carrier densities, the external bias field is significantly screened on a time scale comparable with the duration of the THz pulse, signif icantly affecting the radiated THz output. However, because these results do not apply directly to large-aperture emitters for which the dynamics of space-charge separation are expected to occur on a much longer time scale than that of THz generation, we have performed similar pump -probe THz measurements on large-aperture emitters.
The experimental setup is shown in Fig. 1 . The 150-fs, 830-nm output of a 1-kHz, amplif ied Ti : sapphire laser system is split into three pulses: a pump pulse, which generates free carriers in the emitter, a probe pulse, which generates a THz pulse from the same emitter, and a gate pump, which drives the THz photoconductive detector. The 5-mm-gap GaAs emitter is excited at nearly normal incidence by the pump and the probe beams, which cross at a small angle and are spatially overlapped at the emitter with 1͞e beam diameters of 3 mm. The emitter is biased with dc voltages of up to 10 kV͞cm. The emitted THz radiation is normally incident upon a 2.5-mm-gap radiation-damaged silicon-on-sapphire photoconductive detector whose electrodes are oriented parallel to those of the emitter and that is placed 5 cm from the emitter. The temporal resolution of this detector is 1 ps. Although both the pump and the probe pulses generate THz radiation, only THz radiation from the probe pulse is detected because we chop the probe and use phase sensitive detection.
For a given relative temporal delay of the pump and the probe pulses, we achieve temporal measurements of the radiated THz waveform E͑t͒ by varying the delay of the gating pulse with respect to the probe pulse. Alternatively, the gate delay can be adjusted to the peak of the THz pulse and the amplitude of the THz signal recorded as a function of the delay between © 1997 Optical Society of America the pump and the probe. If the probe beam's f luence is low enough that it is well below saturating the THz output, such a measurement reveals the ultrafast dynamics of the bias field (averaged over the emitter) after photoexcitation by the pump pulse. In Fig. 2 (a) we plot the peak THz signal from the probe, E peak , as a function of pump -probe delay t for a bias voltage of 5 kV͞cm and for photoexcited pump densities from 10 16 to 10 18 cm 23 . The probe f luence was 0.6 mJ ͞cm 2 , well below saturation and corresponding to a photoexcited carrier density of 3 3 10 16 cm 23 . Three distinct temporal regimes are identif ied in these data. Near zero time delay, where the pump and the probe pulses overlap temporally, there is a large decrease in E peak , which partially recovers in amplitude when the pulses no longer overlap. This large decrease in E peak results from a combination of near-f ield screening of the bias field and a coherent interaction of the pump and the probe. We will not consider this zero-delay behavior in detail.
For small, positive values of t where the pump clearly precedes the probe, E peak recovers to a value larger than measured at the zero delay but smaller than measured for t , 0. For all but the highest photoexcited carrier densities (,3 3 10 17 cm 23 ), E peak remains roughly constant at this decreased value for delays up to 25 ps, whereas at higher carrier densities E peak starts to decrease during this initial period. For these delays ͑0 , t , 25 ps͒ the coherent interaction of the pump and the probe pulses is zero because they no longer overlap; however, the bias field is still screened by the near field generated by the pump beam photocurrent. At the emitter the near field is proportional to the current in the photoconductor 1 and therefore contributes to screening the bias field until the current disappears either because of the recombination or trapping of carriers or because the photoexcited carriers are swept away by the circuit. Both such processes occur on time scales longer than 100 ps. This f luencedependent screening behavior, which effectively renormalizes the current in the photoconductor [as described by Eq. (3) of Ref. 4 ] was studied previously in singlepulse THz saturation measurements. 1 -3 After roughly 25 ps, E peak decreases monotonically for all photoexcited carrier densities on a time scale of 100-200 ps until it reaches a minimum value where it levels off and remains constant out to the 300-ps limit of our scans. (The oscillations that appear in the bottom two curves are caused by long-time-scale oscillations in the pump's THz field modulating the bias field.) For a 5-mm-gap emitter the retardation time across the gap is 30 ps. Therefore we expect space-charge screening to become significant roughly 30 ps after photoexcitation, as seen in these data. In this temporal regime transport-induced charge-carrier separation produces a space-charge field that partially screens the bias field, reducing E peak . The magnitude of this decrease in E peak increases with carrier density, as expected for space-charge screening of the bias field. These data support the previous theoretical result that space-charge screening does not signif icantly contribute to saturation in THz generation from largeaperture (.5-mm-gap) photoconductors because it becomes significant only after the THz pulse has been radiated.
We calculated the expected radiated THz signal by using a modified version of the model described in Ref. 4 in which both a pump and a probe pulse are included in the calculation. The results are shown in Fig. 2(b) , where E peak (normalized to 1 at t , 0) is plotted versus t. The best fit to the data results when a carrier mobility of 1200 cm 2 ͞V s is used in the calculation. Although this value is small compared with 3000 cm 2 ͞V s for n-doped GaAs at room temperature, possibly because of electron -hole scattering present only in photoexcited samples, it is comparable with previously measured values for pho- The bias voltage is 5 kV͞cm. Fig. 3 . E peak versus t for bias fields from 1 to 7 kV͞cm and a carrier density of 3 3 10 17 cm 23 . Fig. 4 . E peak at a given pump -probe delay t versus pump intensity for 50-mm-gap emitters 5 (squares, t 20 ps) and 5-mm-gap emitters (circles, t 20 ps; triangles, t 300 ps). The dashed curves are merely guides for the eye. The solid curve is the result of a calculation. 4 toinjected electron mobilities. 6 The agreement between the data and the calculation is good for the initial decrease in E peak following zero delay; moreover, the model reproduces the behavior in the data for 0 , t , 25 ps in that E peak is constant during this period for carrier densities less than 3 3 10 17 cm 23 and begins to decrease during this period for higher carrier densities. For t . 25 ps the model reveals a slow, intensity-dependent decay in E peak that is both slower and smaller in amplitude than observed experimentally. One explanation for the disagreement would be a delayed increase in the effective mobility caused by carrier-induced neutralization of ionized scattering centers. 7 That the theoretical curves do not level off at long delays as seen in the data is to be expected because the model predicts the initial transient behavior of the photoconductor and does not include processes such as recombination, trapping, and circuit recharging, which become important for t . 100 ps.
In Fig. 3 we plot E peak as a function of t for bias fields from 1 to 7 kV͞cm. The pump f luence was 6 mJ ͞cm 2 , corresponding to a carrier density of 3 3 10 17 cm 23 , and the probe f luence was again 0.6 mJ ͞ cm 2 . For all voltages the data exhibit the same trends and are consistent with the bias field screening mechanisms noted above.
The ultrafast screening dynamics observed here for large emitters can be compared with the results for 50-mm-gap GaAs dipole emitters biased at 5.4 kV͞cm.
5
For 50-mm-gap emitters the retardation time across the gap is 0.3 ps, and therefore both field screening mechanisms occur on a time scale comparable with that of THz pulse. In these pump -probe THz experiments screening of the field occurs on a time scale of 15 ps at low carrier densities (, 3 3 10 16 cm 23 ) and on a time scale of a few picoseconds for densities of .10 17 cm 23 . Even at a relatively low density of 3 3 10 16 cm 23 , the total field screening is large ͑.50%͒. In Fig. 4 we compare the field screening behavior of 50-mm-gap emitters with that of 5-mm-gap emitters by plotting E peak (normalized to 1 at t 0) at a given pump-probe delay t as a function of pump intensity. For the 50-mm-gap emitter we plot E peak for t 20 ps (squares) versus pump intensity. For these small emitters E peak has reached its minimum value by t 20 ps but has not yet begun to increase. For our 5-mm-gap emitters we also plot E peak for t 20 ps (circles) versus pump intensity. The solid curve associated with these data points is the result of a calculation described earlier. 4 The agreement between the model and the data is better than 10%. Finally, we plot E peak at t 300 ps versus pump intensity for the 5-mm-gap emitter (triangles). We conclude that bias field screening not only occurs on a shorter time scale but also is of much greater magnitude in small emitters than in large emitters.
In conclusion, we have investigated field screening mechanisms in large-aperture GaAs photoconductors by a pump-probe terahertz technique. After photoexcitation the bias field decreases to an intensitydependent value as a result of near-f ield screening of the bias field. For delays greater than 25 ps the field exhibits an intensity-dependent decrease that results from a space-charge field caused by transport-induced charge separation. These measurements are in agreement with the model presented in Ref. 4 . Finally, compared to that of small-aperture dipole emitters, the magnitude of the overall screening in large-aperture emitters is much smaller and occurs on a much longer time scale. These experimental results are important for the optimal design of conventional large-aperture THz emitters as well as for applications in which timedomain multiplexing 8, 9 of THz pulses is needed.
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